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The immune system is known to affect reproductive function, and maternal-fetal 19 immune tolerance is essential for a successful pregnancy. To investigate the relationship 20 between autoimmune disease and female reproductive function, we performed a 21 comparative analysis of the ovarian phenotypes for C57BL/6 mice, autoimmune 22 disease-prone MRL/MpJ (MRL/+) mice, and congenic MRL/MpJ-Fas lpr (MRL/lpr) 23 mice harboring a mutation in the Fas gene that speeds disease onset. Both 24 MRL-background strains showed earlier vaginal opening than C57BL/6 mice. The 25 estrous cycle became irregular by 6 and 12 months of age in MRL/lpr mice and mice of 26 the other two strains, respectively. Histological analysis at 3 months revealed that the 27 number of primordial follicles was smaller in MRL-background mice than in C57BL/6 28 mice after 3 months. In addition, MRL/lpr and MRL/+ mice displayed lower numbers of 29 ovarian follicles and corpora lutea at 3 and 6 months, and 6 and 12 months, respectively, 30 than that in age-matched C57BL/6 mice. MRL/lpr and MRL/+ mice developed ovarian 31 interstitial glands after 3 and 6 months, respectively. In particular, MRL/lpr mice 32 showed numerous infiltrating lymphocytes within the ovarian interstitia, and partially 33 stratified ovarian surface epithelia with more developed microvilli than that observed in 34
Introduction
40
In mammals, the female reproductive period is limited by the finite number of 41 oocytes in the ovaries. In humans, the total number of oocytes gradually decreases with 42 age due to physiological processes such as ovulation and follicular atresia. However, 43
gonadal dysfunction, such as premature ovarian failure (POF), can cause an unexpected 44 decrease in the number of oocytes stored in the ovaries. Patients with POF show 45 amenorrhea, hypoestrogenism, and elevated serum levels of follicle-stimulating 46 hormone (FSH) by 40 years of age [1] . An estimated 1.5 million patients are diagnosed 47
with POF each year, and approximately 1% of women worldwide live with this disease 48 [2, 3] . Several reports have suggested that POF is caused by genetic factors, infectious 49 agents, or iatrogenic causes [1, 2] . However, approximately one-third of POF cases are 50 attributable to autoimmune diseases [2] . Autoimmune-associated POF is characterized 51 by lymphocytic oophoritis and/or by the presence of ovarian autoantibodies and is 52 usually observed in conjunction with autoimmune diseases such as Addison's disease [1, 53 2, 4] . In most cases, it is difficult for patients with POF to reacquire fertility with 54 ovulation of healthy oocytes [1, 2] . 55
In healthy individuals, many immune cells are present in the ovaries, suggesting 56 of puberty. After vaginal opening, vaginal smears were collected for 10 consecutive 122 days every month until 12 months of age to assess estrous cyclicity. Properties of 123 epithelial cells, leukocytes, and vaginal mucus were used to characterize each stage, as 124 follows: "proestrus" was characterized by the appearance of round and nucleated 125 epithelial cells without leukocytes; "estrus" was characterized by clustered and 126 keratinized squamous epithelial cells; "metestrus" was characterized by a large number 127 of leukocytes; and "diestrus" was characterized by low numbers of leukocytes and the 128 presence of vaginal mucus. Metestrus was included in diestrus based on a previous 129 report [25] . 130
131
Histological analyses 132
Collected ovaries were fixed in 4% paraformaldehyde/0.1 M phosphate buffer (PB) 133 overnight, embedded in paraffin, and cut into sections (3 μm thick). Deparaffinized 134 sections were stained with hematoxylin-eosin (HE) or periodic acid-Schiff (PAS) for 135 evaluation of ovarian morphology. The number of primordial, primary, secondary, and 136 antral follicles was counted in five sections, and only follicles containing oocytes with 137 an apparent nucleus were counted. The number of corpora lutea was also counted in five 138 sections. Finally, the total number counted in all five sections was used as the value for 139 the respective ovary. 140 Some sections were immunostained using the following procedure: for antigen 141 retrieval, sections were incubated in 20 mM Tris-HCl (pH 9.0) for 20 min at 105°C 142 (CD3) or 0.05% trypsin/0.01 M phosphate-buffered saline (PBS, pH 7.4) for 5 min at 143 37°C (B220). The samples were then soaked in methanol containing 0.3% H 2 O 2 to 144 block internal peroxidase activity. Sections blocked in 10% normal goat serum for 30 145 min at room temperature were incubated with rat anti-B220 (1:1,600, Cedarlane, 146
Ontario, Canada) or rabbit anti-CD3 (1:200, Nichirei, Tokyo, Japan) at 4°C overnight. 147
After washing three times in PBS, sections were incubated with biotin-conjugated goat 148 anti-rat IgG antibody (Caltag-Medsystems Limited, Buckingham, UK) for B220, or 149 biotin-conjugated goat anti-rabbit IgG antibody (SABPO Kit, Nichirei, Tokyo, Japan), 150
for 30 min at room temperature, washed again, and incubated with streptavidin-biotin 151 complex (SABPO Kit, Nichirei) for 30 min. The sections were then incubated with 152 3,3'-diaminobenzidine tetrahydrochloride-H 2 O 2 solution. Finally, the sections were 153 lightly counterstained with hematoxylin. The number of CD3-positive cells in each 154 immunostained section was counted, and the total number in five sections was used as 155 the value for the respective ovary. 156
Ultrastructural analysis 158
For scanning electron microscopy (SEM), halves of glutaraldehyde-fixed ovaries 159
were placed in 2% tannic acid for 1 h at 4°C and postfixed with 1% osmium tetroxide in 160 0.1 M PB for 1 h. Specimens were dehydrated through a series of graded alcohols, 161 transferred into 3-methylbutyl acetate, and dried using an HCP-2 critical point dryer 162
(Hitachi, Tokyo, Japan). The dried specimens were sputter-coated using a Hitachi 163 E-1030 ion sputter coater (Hitachi) and then examined on an S-4100 SEM (Hitachi) 164
with an accelerating voltage of 5 kV. 165
For transmission electron microscopy (TEM), the ovaries of C57BL/6 and 166 MRL/lpr mice at 6 months were fixed with 2.5% glutaraldehyde in 0.1 M PB for 4 h. 167
Tissues were post-fixed with 1% osmium tetroxide in 0.1 M PB for 2 h, dehydrated 168 using a series of graded alcohols, and embedded in epoxy resin (Quetol 812 Mixture;  169 Nisshin EM, Tokyo, Japan). Semi-thin sections (0.5 µm thick) were stained with 1% 170 toluidine blue and examined. Ultra-thin sections (70 nm thick) were double-stained with 171 uranyl acetate and lead citrate and observed under a JEOL TEM (JEM-1210; JEOL, 172 Tokyo, Japan). 173
Collected blood was centrifuged at 885 × g for 15 min. After clotted blood was 176 removed, the samples were centrifuged at 22,136 × g for 5 min, and the supernatant was 177 immediately frozen at -80°C. Serum levels of endogenous mouse FSH and testosterone 178
were measured using ELISA kits (Endocrine Technologies Inc., Newark, USA) 179 according to the manufacturer's instructions. All samples were tested in duplicate. 180
181
Statistical analysis 182
The results are expressed as the mean ± standard error (SE) and were analyzed using 183 non-parametric statistical methods. The Kruskal-Wallis test was used to compare 184 numerical results, and multiple comparisons were performed using Scheffe's method 185 when significant differences were observed (P < 0.05). 186
Results
188
Autoimmune disease symptoms of mice 189
The spleen weight to body weight ratio was used as an index of autoimmune 190 disease in mice (Figure 1 ). At all ages examined, MRL/lpr mice showed significantly 191 higher values than the other two strains (P < 0.05). At 9 and 12 months, although 192 MRL/+ mice showed slightly higher values than C57BL/6 mice, no significant 193 differences were observed between C57BL/6 and MRL/+ mice. Age-related changes in estrous cyclicity were examined next (Figure 3 ). Figure 3A  201 shows the representative pattern of mouse estrous cycle in each of the three strains at 3, 202 6, 9, and 12 months. C57BL/6 and MRL/+ mice showed regular cyclicity, with each 203 cycle lasting 4-7 days until 9 months of age. These strains showed regular cyclicity 204 until 11 months of age (data not shown). However, MRL/lpr mice lost cyclicity after 6 205 months, characterized by a prolonged diestrus period and a shortened estrus period. 206 Figure 3B and C show the proportion of time spent in estrus and diestrus for each 207 of the three strains. Estrus was significantly shorter in MRL/lpr mice than in the other 208 strains at 6 months of age (P < 0.05). At 12 months, C57BL/6 and MRL/+ mice tended 209 to show shorter and longer periods of estrus, respectively, compared to earlier months; 210 however, no significant differences were observed among strains ( Figure 3B ). In 211 addition, diestrus was longer in MRL/lpr mice at 6 months of age than in the other 212 strains (P < 0.05). At 12 months, C57BL/6 and MRL/lpr mice showed longer periods of 213 diestrus than in earlier months, but no significant differences were observed among 214 strains ( Figure 3C ). 215 216 Age-related histological changes in mouse ovaries 217 Figure 4 shows the ovarian histology of C57BL/6, MRL/+, and MRL/lpr mice at 3, 218 6, and 12 months. At 3 months, follicles at various stages of development were observed 219 at the ovarian cortices in all three strains ( Figure 4A , D, and G); the number tended to 220 decrease with age ( Figure 4B , C, E, F, H, and I). In particular, very few follicles were 221 observed in MRL/lpr mice at 12 months ( Figure 4I ). At all ages examined, a large 222 number of corpora lutea were observed in C57BL/6 and MRL/+ mice ( Figure The morphology of the ovarian surface was compared between C57BL/6 and 253 MRL/lpr mice at 6 months by using electron microscopy. Under SEM observation, the 254 ovarian surface of C57BL/6 mice appeared smooth ( Figure 6A ) and was mostly covered 255 with oval-or spindle-shaped epithelial cells with microvilli ( Figure 6B ). In contrast, the 256 ovarian surface of MRL/lpr mice showed several dome-shaped bulges ( Figure 6C ) 257 covered by rounded epithelial cells that were fully covered in microvilli ( Figure 6D ). 258 in C57BL/6 mice ( Figure 6B and D) . 260
Next, the ovarian surface was observed using semi-thin and ultra-thin sections 261 ( Figure 6E-H) . In C57BL/6 mice, the OSE consisted of monolayered dark-or 262 pale-colored cells ( Figure 6E ). Under TEM, the dark-colored cells in semi-thin sections 263
showed a highly electron-dense cytoplasm and few microvilli, whereas the pale-colored 264 cells had a cytoplasm with low electron density and a large round nucleus similar to that 265 found in oocytes ( Figure 6F ). Likewise, two cell types were observed in the semi-thin 266 OSE sections of MRL/lpr mice ( Figure 6G ). However, the OSE cells and ovarian tunica 267 albuginea (lowermost layer of the ovary capsule) were taller and thicker, respectively, in 268 MRL/lpr mice than in C57BL/6 mice ( Figure 6E and G), which was also accompanied 269 by an increase in the presence of collagen fibrils ( Figure 6H ). Under TEM, the 270 dark-colored cells in the semi-thin sections showed a highly electron-dense cytoplasm 271 and abundant microvilli in MRL/lpr mice ( Figure 6H ). The pale-colored cells in 272 semi-thin sections had a cytoplasm with low electron density and a larger nucleus than 273 the dark-colored cells ( Figure 6H ). The microvillus density of cells with a highly 274 electron-dense cytoplasm in MRL/lpr mice appeared to be higher than that in C57BL/6 275 mice ( Figure 6F 
Serum levels of FSH and testosterone in mice 294
We next compared the blood serum levels of FSH and testosterone-indicators of 295 reproductive ability and IEC function, respectively-in C57BL/6, MRL/+, and MRL/lpr 296 mice at 6 and 12 months (Figure 8 ) [26, 27] . Although serum FSH levels tended to be 297 slightly higher in MRL/lpr mice than in C57BL/6 and MRL/+ mice at 12 months, no 298 significant differences among strains were observed at any age ( Figure 8A ). Similar to 299 FSH, serum testosterone levels were higher in MRL/lpr mice than in C57BL/6 and 300 MRL/+ mice at 6 and 12 months, but the differences were not significant ( Figure 8B) . 301 Each bar represents the mean ± SE (n ≥ 4), and multiple comparisons were performed 556 using a non-parametric Kruskal-Wallis test (Scheffe's method). *: P < 0.05. 557 
Discussion and Conclusions
